Abstract Purpose: The GM3/VSSP vaccine is composed of very small sized proteoliposomes resulting from the hydrophobic conjugation of GM3 ganglioside with membrane proteins from Neisseria meningitidis. Previously, we showed that preventive vaccination with GM3/VSSP induces a specific antitumor response and elicits the rejection of syngeneic GM3-positive melanoma cells in immunized mice. Our aim was to explore the antitumor properties of perioperative GM3/VSSP vaccination in a preclinical mouse model. Experimental Design: The highly metastatic B16F10 mouse melanoma was used to investigate perioperative vaccination with GM3/VSSP. The vaccine was administered i.m. in doses of 120 Ag emulsified with the adjuvant Montanide ISA 51 at weekly or biweekly intervals, and s.c. tumors were excised 25 to 31days after tumor cell implantation. The persistence of antitumor protection and dose dependency was also examined in preimmunized animals. To evaluate the immune performance of tumor-bearing and tumor-operated mice, ovoalbumin-specific delayed-type hypersensitivity, cytokine secretion, and cell proliferation responses were studied. Results: Surgical excision of B16F10 tumors improved survival, and perioperative immunization with four biweekly GM3/VSSP doses yielded survival for all animals (P = 0.04; log-rank test). Mice showed neither local recurrence nor lung metastasis at the end of the experiment. Animpairment of CD4 + T-cell responses was observed in tumor-bearing animals measured as neoantigen-specific delayed-type hypersensitivity, with a significant recovery after surgery. A strong interleukin-4 secretion was induced in B16F10-operated mice, whereas IFN-g remained unaffected.
Active immunotherapy in cancer patients has not been as successful as previously imagined in the clinical setting. A possible explanation for this is the timing of immunotherapeutic intervention with respect to disease progression. Preventive immunotherapy is an attractive strategy for patients at a high risk of having cancer, including melanoma (1), as well as for viral-associated malignancies such as hepatocellular carcinoma (2) and cervical cancer (3) , with some studies still in progress. However, a number of antitumor vaccination trials have included patients in late stages of the disease when all other treatment modalities have failed and the development of tumor-induced immunosuppression significantly interferes with immunization (4) . The reduction of tumor burden by surgery or other conventional therapies, before or during vaccine administration, could substantially improve the therapeutic benefit. Malignant melanoma is a tumor with a steeply increasing incidence and scarce therapeutic options once metastatic. Currently, no vaccine is widely commercially available for melanoma treatment or prevention (5) .
Ganglioside vaccines have been clinically tested in different types of advanced cancers, mainly melanomas (5, 6) , based on the observation that altered expression of these glycolipids in melanoma cells correlated with their metastatic potential. Additionally, GM3 and GD3, the major gangliosides in melanomas, are shed into the tumor microenvironment and can promote severe immune dysfunctions (7 -11) . It has been claimed that the induction of anti-GM3 antibodies circumvents this specific immunosuppression (8, 11) . For these reasons, the therapeutic success of a GM3-based vaccine in patients with early-stage melanoma remains an interesting and open question, but more preclinical evidence in a relevant animal model is needed.
To answer this question, the immunosuppressive, GM3-positive B16 mouse melanoma and a GM3-based vaccine were used. The vaccine is composed of very small sized proteoliposomes (VSSP) resulting from the hydrophobic conjugation of GM3 gangliosides with Neisseria meningitidis membrane proteins (9) . We have previously shown experimental data indicating that preventive immunization of mice with the GM3/VSSP vaccine elicited the rejection of B16 melanoma cells (10, 11) . The vaccine consistently induced an antiganglioside response in mice (9) . In addition, serum of vaccinated animals recognized B16 cells by flow cytometry and immunohistochemistry, and caused complement-mediated cytotoxicity. The specific response could be ascribed to antibodies of the IgG2b subclass (10, 11) .
Here, we found that perioperative biweekly (but not weekly) immunizations with the GM3/VSSP vaccine in mice bearing early-stage B16F10 melanoma tumors induced a complete antitumor protection in all mice. Interestingly, an adequate vaccination protocol seems to overcome tumor-induced immunosuppression in operated animals and, consequently, allows the immune system to prevent tumor recurrence and metastasis.
Materials and Methods
Vaccine. The GM3/VSSP vaccine was produced by the Center of Molecular Immunology (Havana, Cuba). Briefly, GM3 monosialoganglioside containing the N-acetylneuraminic acid was purified from canine RBC and hydrophobically conjugated with outer membrane proteins from N. meningitidis, as previously reported (9) . The method allowed gangliosides to hydrophobically incorporate into VSSP and conferred high solubility to the conjugate. An appropriate amount of GM3/VSSP was resuspended in 0.05 mL of PBS, mixed with an equal volume of the immunologic adjuvant Montanide ISA 51 (Seppic, Paris, France) before injection. Vaccines were administered i.m. in the quadriceps, and control animals received only the adjuvant mixed with PBS.
Animals. Specific pathogen -free C57BL/6 mice were obtained from Universidad Nacional de La Plata (La Plata, Argentina) and 5 to 10 mice per cage were kept with water and food ad libitum in the animal house facility at Quilmes National University according to an institutionally approved animal protocol. Female mice ages 8 to 14 weeks and with an average weight of 25 g were used.
Tumor cells and culture conditions. B16 mouse melanoma cells, sublines F0 (poorly metastatic) and F10 (highly metastatic), were maintained in DMEM (Life Technologies, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum, 2 mmol/L glutamine, and 10 Ag/mL tetracycline. Cell viability was assessed using the trypan blue exclusion technique.
Tumor cell challenge. B16 cells were trypsinized, washed with PBS, resuspended in serum-free medium, and injected in the subcutis of the flank. The time of appearance of local tumors was monitored by palpation and further confirmed by histopathology. Mice were monitored for 90 to 120 days after tumor challenge. The largest perpendicular diameters of the resulting tumors were periodically measured with a caliper, and tumor volumes were calculated using the formula p/6 Â length Â width 2 . When tumors exceeded 15,000 mm 3 , or when the general condition was affected, animals were sacrificed by cervical dislocation and necropsied. To investigate the presence of spontaneous metastasis in mice bearing highly metastatic B16F10 tumors, lungs were fixed in Bouin's solution and the presence of surface nodules was determined under a dissecting microscope.
Preimmunization with GM3/VSSP. To evaluate dose-dependent effects on tumor protection, groups of 5 to 10 mice received four doses of 120, 240, or 360 Ag of GM3/VSSP vaccine every 14 days and, 21 days after the last dose, were challenged with 10 4 viable B16F0 cells. To examine the duration of antitumor protection, mice were preimmunized using the same protocol with four doses of 120 Ag of the vaccine, and then challenged with 2.5 Â 10 3 B16F0 cells at days 21, 35, or 49 after the last vaccine dose. Negative animals of each group were rechallenged in the left flank 91, 105, or 119 days after the last vaccine dose, respectively. In addition, the antitumor effects of one, two, three, or four biweekly or weekly doses of 120 Ag GM3/VSSP administered before challenge with highly metastatic B16F10 cells were tested.
Perioperative immunization with GM3/VSSP. At day 0, mice were implanted in the subcutis with 5 Â 10 4 highly metastatic B16F10 melanoma cells. A set of experiments was initially conducted to make the surgical technique reproducible and to define the best time frame for surgery in the present melanoma model. S.c. tumors were excised at days 25 to 31 under anesthesia by i.p. injection of ketamine/xylazine (100:10 mg/kg of body weight), when tumor volumes reached f250 mm 3 . Groups of 5 to 10 mice were immunized with four weekly doses of 120 Ag GM3/VSSP beginning on the day of the surgery, or at 14-day intervals beginning when tumors became palpable at days 10 to 16, as depicted in Fig. 1 .
Immunization with ovoalbumin in Freund's adjuvant. Mice were implanted in the subcutis with 5 Â 10 3 B16F10 melanoma cells and s.c. tumors were excised 1 week after palpation. As controls, nonoperated tumor-bearing mice and operated healthy mice were used. For delayedtype hypersensitivity (DTH) assays, mice were immunized with ovoalbumin in complete Freund's adjuvant (Sigma, St. Louis, MO) on days 2 and 16 after surgery, and 7 days later, were intradermically challenged with 50 Ag ovoalbumin in the right hind foot pad. After 48 hours, the volume of inflammation (swelling of the mice foot) was measured using a plethysmometer (Ugo Basile, Comerio, Italy). To measure cell proliferation response and cytokine secretion, a single dose of 100 Ag ovoalbumin mixed with complete Freund's adjuvant was administered s.c. near the base of the tail. Immunization protocols began 2 days after surgery. In the kinetic experiments, immunizations began 2, 15, or 30 days after surgery. One week later, mice were killed and inguinal lymph nodes were removed.
Cell proliferation and cytokine secretion assays. Inguinal lymph nodes from immunized mice, as described above, were smashed and made into a single-cell suspension in RPMI 1640 (Life Technologies) with Glutamax I and 25 mmol/L HEPES supplemented with 5% fetal bovine serum, 100 units/mL penicillin, 100 Ag/mL streptomycin, and 50 Amol/L 2-mercaptoetanol. Cells were then cultured in the presence of ovoalbumin at a concentration of 100 Ag/mL. Proliferation was monitored by measuring [methyl- Cambridge, United Kingdom) incorporation on day 4 of culture. The stimulation index was calculated dividing the mean counts per minute of stimulated cells with that of cells cultured with complete medium alone. For the cytokine assays, at day 3 of culture, 500 ng/mL ionomycin and 50 ng/mL phorbol myristate acetate (Sigma) were added to the cells. Supernatants were removed 16 hours later and cytokines were evaluated using interleukin-4 (IL-4) and IFN-g mouse ELISA kits from BD Biosciences (Bedford, MA), following the protocol recommended by the manufacturer.
Statistical analysis. The equality of variances was analyzed with Bartlett's test, and Kolmogorov-Smirnov test was used to analyze normal distribution of data. Comparison of tumor incidence or antitumor protection was done using the m 2 test. Differences in the survival of mice were analyzed using the Kaplan-Meier method, and groups were compared using the log-rank test. Differences in the DTH and cell proliferation were evaluated by ANOVA and Tukey test for multiple comparisons. Student's t test was used to assess differences between groups in kinetics cytokine assays. Statistical analysis was done using the GraphPad InStat software program.
Results
Persistence of antitumor protection after preimmunization with GM3/VSSP and dose dependency. We first explored antitumor protection against local melanoma disease using poorly metastatic B16F0 melanoma cells. Previous experiments indicated that pretreatment of C57BL/6 mice with several doses of GM3/VSSP could inhibit s.c. tumor formation after challenge with a low burden of syngeneic melanoma cells (10, 11) . We investigated the duration of antitumor protection after preimmunization with four biweekly i.m. doses of 120 Ag GM3/VSSP by injecting a low tumor burden of 2.5 Â 10 3 B16F0 cells in the subcutis. In different sets of experiments, at least 80% of control animals developed s.c. tumors and died 46.5 F 5.7 days (mean F SE) after challenge. As shown in Fig. 2 , complete antitumor protection was obtained 21 to 35 days after the administration of the last dose of the vaccine. A significant antitumor protection was still maintained 91 days after preimmunization, but the antitumor effect disappeared at days 105 to 119.
We asked whether antitumor protection by GM3/VSSP vaccine is dose dependent in the present mouse melanoma model using higher tumor burdens of B16F0 cells. In control mice injected with 10 4 tumor cells, tumor incidence was 92% and animals died 39.8 F 3.4 days after challenge. On the other hand, 70%, 83%, and 89% of mice preimmunized with the 120, 240, and 360 Ag/dose of GM3/VSSP, respectively, showed no evidence of tumor and survived until the end of the experiment at day 90 (Fig. 3A) . Antitumor protection was significant with the three dose levels (P = 0.002, P = 0.001, and P < 0.001 for the 120, 240, and 360 Ag/dose, respectively; m 2 test) and effects on mice survival were dose dependent (P < 0.001; log-rank test for trend). Similar results were obtained with a higher tumor burden of 5 Â 10 4 B16F0 cells, but antitumor protection was lower (f40% of mice showed no tumors with doses of 360 Ag GM3/VSSP).
Survival benefit with repeated biweekly preimmunization with GM3/VSSP. We examined the number of vaccine doses required to induce antitumor protection against the aggressive B16F10 cells. Different groups of mice were preimmunized with one, two, three, or four doses of 120 Ag GM3/VSSP. Vaccines were administered at 14-day intervals, and then mice were challenged with 5 Â 10 3 B16F10 cells. The survival of animals receiving at least three biweekly GM3/VSSP doses was significantly higher than in the control group. No survival benefit was obtained with one or two biweekly vaccine doses (Fig. 3B ). Weekly preimmunization with several doses of GM3/VSSP was also ineffective in inducing tumor protection and prolonging survival (Fig. 3C) .
Complete antitumor protection and survival benefit with perioperative biweekly immunization using GM3/VSSP. We have evaluated the antitumor properties of GM3/VSSP vaccine in a preclinical mouse model of melanoma surgery using the highly metastatic B16F10 cells. We first examined the best time frame for surgery in the present melanoma model. The best surgical results were achieved when s.c. tumors reached a volume of f250 mm 3 (25-31 days after B16 cell challenge), whereas resection of tumors >1,000 mm 3 was ineffective and often presented a rapid progression after surgery.
To investigate the effects of perioperative GM3/VSSP immunization, we induced melanoma tumors by inoculating 5 Â 10 4 B16F10 cells in the subcutis. Perioperative GM3/VSSP (120 Ag per dose) was administered using two different protocols, with four weekly doses beginning from the day of the surgery, or with biweekly doses beginning before surgery when tumors became palpable. The third GM3/VSSP vaccination, the minimum required to obtain an effective antitumor effect against B16F10, was administered f15 days after surgery, at the time when mice were at high risk of local recurrence or metastasis (see also Fig. 1 ). As expected, all nonoperated control animals rapidly developed aggressive s.c. tumors, and died 34.5 F 3.3 days after challenge as a consequence of the high local tumor burden, without showing signs of macroscopic lung metastasis. Surgical excision of melanoma tumors significantly improved survival, but perioperative immunization with weekly doses of the vaccine were not effective to induce a survival benefit with respect to surgery alone. As shown in Fig. 4 , perioperative immunization with four biweekly GM3/VSSP doses beginning 15 days before surgery yielded survival of all animals (P = 0.04 versus surgery alone and surgery plus weekly vaccination; log-rank test). Table 1 also presents the incidence of local recurrence and lung metastasis in the different treatment groups.
Impairment of neoantigen-specific CD4 + T-cell response in B16F10-bearing mice after tumor removal. To evaluate the immune system performance of B16F10-bearing mice before and after surgery, we measured antiovoalbumin CD4 + T-cell functions. For this purpose, ovoalbumin-specific DTH or proliferation responses were assayed by immunizing two doses or a single dose of ovoalbumin in complete Freund's adjuvant, respectively. Compared with tumor-bearing mice, CD4 + T-cell response in B16F10-operated mice showed a significant recovery after surgery, measured by ovoalbumin antigen-specific DTH (P < 0.05, Tukey test). However, this response is largely distant from the DTH developed in healthy, sham-operated mice (P < 0.01, Tukey test; Fig. 5A ). Proliferative response, evaluated 1 week after a single immunization, showed a 2-fold reduction on H 3 T incorporation by lymph nodes cells from B16F10-bearing mice versus control mice (P < 0.01, Tukey test). In this case, no differences between operated and nonoperated B16F10-bearing mice were found (Fig. 5B) .
To analyze whether surgical excision of primary tumor recovers CD4
+ T-cell function, B16F10-operated mice were immunized 2, 15, and 30 days after surgery with ovoalbumin emulsified in complete Freund's adjuvant. Seven days later, inguinal lymph nodes were removed, cells were cultured for 4 days with ovoalbumin, and the supernatant was collected for cytokine quantification by ELISA. Strikingly, immunization induced a strong IL-4 secretion in B16F10-operated mice as compared with healthy animals (P < 0.05, Student's t test), but values returned to normal 30 days after tumor excision. On the contrary, IFN-g secretion remained unaffected ( Fig. 5C  and D) . B, survival of mice preimmunized with a different number of biweekly GM3/VSSP doses. Mice were preimmunized with one, two, three, or four biweekly doses of 120 Ag vaccine, and then challenged with 5 Â 10 3 B16F10 cells 63 days after the first dose. Overall survival of animals preimmunized with three and four biweekly doses was significantly higher than in controls (P = 0.002 and P = 0.02, respectively; log-rank test), whereas one or two doses have no significant effects. 
Discussion
Immunotherapy trials represent >50% of all clinical trials of biotherapies, frequently including patients with advanced cancer (12) . We do not yet have a cancer vaccine that can reliably and consistently induce tumor remission or improve patient survival (13, 14) . Focusing on melanoma, treatment did not prove to be efficacious in large, randomized phase III trials. A large randomized study was conducted by the intergroup mechanism (Intergroup Trial E1694) using the GMK vaccine. In that study, 880 patients with stage III melanoma were randomized. The trial was closed after interim analysis indicating the inferiority of GMK compared with high-dose IFN-a (15) . Similarly, CancerVax announced the discontinuation of its phase III clinical trial of Canvaxin in patients with stage III melanoma. The decision followed the recommendation of the independent Data and Safety Monitoring Board, based on the data reviewed at the third interim analysis, in which Canvaxin did not show efficacy as a postsurgical adjuvant treatment for patients with advanced-stage melanoma.
However, this lack of results seems to be due, in part, to the incorrect patient characteristics evaluated, and not due to the lack of therapeutic potential of the vaccine. It is known that mice with experimental tumors, as well as patients with cancer, show a decreased immunologic potency (16) . This tumorinduced immunosuppression is reinforced in patients with high tumor burdens (17, 18) . Consequently, in the last few years, our view of the range of applications of tumor vaccines has changed because treatment of patients with minimal residual disease or with low staging showed better responses to vaccination. Furthermore, an open question remains regarding whether vaccines have sufficient benefit for exploration in adjuvant or even in preventive conditions. The answers to these questions can be found, in part, by exploring the responses observed with the correct use of animal models. We have previously described the antitumor activity of a vaccine based on GM3 monosialoganglioside inserted in VSSP derived from N. meningitidis plus Montanide in the B16 melanoma mouse model. The GM3/VSSP vaccine was capable of inducing antibodies against the defined melanoma antigen GM3 ganglioside. We showed that preimmunization protects mice against low burdens of syngeneic B16 tumor cells, correlating with subsequent prolonged survival (10, 11) . This promising therapeutic potential in a mouse melanoma model has led to a phase I clinical trial in patients with melanoma, which has shown attractive results (19) . Based on these patients' experiences, some questions have arisen, and animal models could provide the answers.
In the present animal model, we have explored immunization with GM3/VSSP vaccine in combination with surgical excision of the primary tumor mass. The results showed that this model could clear the response to vaccination in combination with resection of the highly aggressive B16F10 melanoma. In this scenario, we observed that mice subjected to surgery plus a perioperative vaccination protocol consisting of four GM3/VSSP doses every 14 days beginning before surgery have an increased survival period compared with any other group. Furthermore, all mice showed neither local recurrence nor visible lung metastasis at the end of the experiment. Interestingly, mice under a similar perioperative immunization with four doses of the vaccine, but administered every 7 days, showed reduced survival, similar to animals treated with surgery alone. This fact is in accordance with the preventive vaccination model in which biweekly preimmunization with at least three GM3/VSSP doses before tumor challenge was enough to induce antitumor resistance against local melanoma disease, whereas weekly preimmunization was clearly ineffective.
With respect to the persistence of the GM3/VSSP effect and dose dependency, antitumor protection was maintained for at least 90 days, and mice survival was significantly dose dependent in the preventive model using B16F0 cells. However, the combination of surgery with perioperative vaccination using the lower dose of 120 Ag was sufficient to induce a complete antitumor protection in the aggressive B16F10 model. Nevertheless, it would be interesting to prove different dose levels and immunization protocols in clinical trials.
All these preclinical data strongly suggest a combined therapeutic effect of tumor excision and vaccination with GM3/VSSP every 14 days. This is an important issue to translate to the clinical setting because patients with stage II melanoma were reported to have an f50% chance of survival 5 years after surgery. Some patients with stage II melanoma are at high risk for recurrent disease, and occult micrometastases cause recurrence following treatment with surgery alone (20, 21) . According to the results obtained with the present preclinical model, vaccination with GM3/VSSP could significantly increase survival after the surgical management of primary cutaneous melanoma.
Because several clinical protocols involve active immunotherapy in cancer patients with large primary tumors or postsurgery patients, the functional effect of the tumor mass in the immune response would be an important feature. A better understanding of the immune competence of cancer patients could be modeled in mice. Previous studies with experimental animals have led to the conclusion that vaccine efficacy is inversely proportional to tumor burden (10) . The relationship between tumor burden and immune function raises the important question of whether tumor-induced immunosuppression is reversible by surgical removal of the primary tumor. Recently, Danna et al. (22) investigated the existence of tumor-induced immunosuppression in tumorbearing mice in response to vaccination with hen egg white lysozyme as model antigen. They showed that surgical removal of primary tumor restores immune competence even when disseminated metastatic disease is present (22) . In this sense, we studied the functional immunologic variables following immunization with a ''foreign'' antigen, such as ovoalbumin, in tumor-bearing and healthy mice. The purpose of the experiment was to examine the response to vaccination with ovoalbumin before and after tumor surgery and the possible kinetics of immune recovery after excision of the tumor mass. In immunocompetent mice, this antigen should induce a strong and specific response.
Our data revealed dysfunctional cell-mediated immunity for the CD4 + compartment induced by the presence of the B16F10 tumor. The cytokine profile was different in postsurgery groups, with an increase in IL-4 secretion by total lymph node cells in B16F10 postsurgery mice compared with the control group. These results are in accordance with other results that reveal antigen-specific CD4 + T-cell unresponsiveness as an early event in tumor progression, which has clear implications for cancer immunotherapy (23) .
The results of the kinetic experiment, in which we removed the primary tumor and immunized mice at days 2, 15, or 30 postsurgery, revealed that complete polarization of the CD4 + T cells requires a period of time after surgery. This experimental evidence suggests that choosing the right moment for immunotherapeutic intervention relative to the perioperative period might be an important point to take into consideration in the design of new clinical protocols. Few studies indicate that immune system functions in cancer patients recover after surgery (24, 25) . However, there are no precedent studies of this phenomenon for melanoma. Our results showed that the B16F10 tumor induces a CD4 + T-cell dysfunction that cannot be rapidly overcome, lasting for at least 30 days after surgical treatment. In this scenario, four biweekly immunizations with GM3/VSSP during the immunosuppression window induced a strong antitumor response. This fact suggests that our vaccine, given in a correct immunization protocol, is able to increase the immune responsiveness and allows the immune system to prevent tumor recurrence or metastasis. This could be ideally applied to stage II melanoma patients with minimal residual disease after surgery. Additionally, the long-term persistence of the antitumor response shown in the preventive scenario suggests that this kind of patient can be vaccinated periodically, with at least three doses every 3 months beginning before or during surgical excision of the primary lesion. This vaccination will probably prevent tumor recurrence and also exert an antimetastatic effect.
Altogether, these preclinical experiments propose the GM3/ VSSP vaccine as a therapy designed to elicit and/or boost antitumor immunity in patients with minimal residual disease after surgery, thereby preventing or prolonging the time to recurrence. Future clinical trials will be needed for a definitive confirmation about the beneficial role of the GM3/VSSP vaccine in the perioperative handling of patients with stage II melanoma. 
